The effects of Zn and Sb additions on microstructure, creep behavior and thermal properties of binary eutectic Sn-0.7% Cu lead-free solder were investigated. Results show that Zn-addition reduced the melting temperature of Sn-0.7Cu and enhanced the creep resistance due to the formation of Cu 5 Zn 8 intermetallic compound (IMC) and reduction of Cu 6 Sn 5 phase in β-Sn matrix. Conversely, the Sbaddition showed a negative effect on both the creep resistance and melting temperature compared to the plain Sn-0.7 Cu and Sn-0.7 Cu-2.0 Zn alloys due to the formation of SnSb IMC particles and coarse Cu 6 Sn 5 phase through the β-Sn rich phase. The average stress exponents of 4.9-6.0 and activation energies of 50-60 KJ/mol were obtained for three solders; suggesting that the dislocation climb controlled by lattice diffusion is the dominant creep mechanism. X-ray diffraction (XRD) analysis revealed that the lattice parameters (a), (c), the axial rate (c/a) and the peak height intensities (hkl) of some crystallographic planes are changed with alloying additions and the crystallite size is decreased.
Introduction
Recently, a lot of efforts have been made to replace the conventionally used SnPb solders by new Pb-free alloys due to the considerable toxicity of lead (Pb) on health and environment. The Sn-Cu based alloys are one of the families of promising Pb-free candidates due to their low cost and good mechanical properties and electrical conductivity. Nevertheless, the eutectic Sn-0.7Cu has a high melting temperature of 227°C, which is still a problem of Sn-Cu alloys [1] . Improving the physical properties of Pb-free alloys has been obtained by modification of chemical composition and addition of minor elements as well as the development of new processing routes by means of rapid solidification and mechanical alloying [2].Huang et.al studied the creep properties of three precipitation-strengthened Sn-based Pb-free solder alloys (Sn-0.7Cu, Sn-3.5Ag and Sn-3.8Ag0.7Cu) at constant applied stress of 17.5 MPa and working temperature of 348 K. They found that Sn-0.7Cu has the lowest creep resistance compared with the other two alloys [3] . The creep behavior of Sn-0.7Cu alloy with small amounts of inter-metallic compound (IMCs) of Cu 6 Sn 5 -Sn matrix has been studied by Wu and Huang [4] . They indicated that the creep rates are controlled by the dislocation pipe diffusion in Sn matrix. Microstructure studies at different cooling rates on different compositions of Sn-Cu alloys (Sn-0.5wt%Cu, Sn-0.7wt% Cu, Sn-0.9 wt.% Cu) showed that the Sn-Cu system is a weakly irregular eutectic system due to the formation of Cu 6 Sn 5 IMCs with two different eutectic morphologies (coarse and fine) during eutectic growth [5] . The indentation creep tests of Sn-Cu alloys (1 -5wt. % Cu) has been investigated and concluded that the composition of Sn-4wt. % Cu solder alloy exhibited the greatest creep resistance [6] . The addition of In element enhanced the indentation creep of Sn-0.7 wt. % Cu solders [7] . The improvement of wettability, mechanical characteristics and creep resistance Sn-Cu alloys by introduction of a small amount of alloying elements were proposed by many researchers [8] [9] . The addition of 0.5% rare earth elements (REE) to the Sn-0.7%Cu binary alloy improves the microstructures and refines both the β-Sn grains and the Cu 6 Sn 5 IMCs in addition to their attractive mechanical properties (hardness, and creep resistance) [8] . Adding of Ag or In-element to Sn-0.7Cu solder decreased the melting temperature (T m ) from 227°C to 224°C and 217°C, respectively and increased the creep resistance compared to the plain alloy [10-12]. Alam et.al studied the effect of adding (2, 2.5 and 4.5) wt. % Ag to Sn-0.7Cu eutectic alloy on the microstructure, mechanical properties (hardness) and thermal properties. They found reduction in melting temperature from 234.88•C to 226.89 •C and increasing in the hardness, while by adding Ag up to 2.5 wt.% the hardness was decreased [13] . Also, the addition of Ni, Co, Ga, In, Bi or rare earth elements into Sn-0.7Cu solder showed improvement of hardness [14] . Ning Zhao et. al [15] indicated that after doping Ce element in Sn-0.7 Cu solder, the melting temperature was increased although the wettability was improved. The effect 0.08 wt.% Ni-addition on the microstructure and the mechanical properties of Sn-0.7 Cu alloy has been studied by Gyenes et. al [16] . They found that Sn-0.7 Cu-Ni alloy becomes fully eutectic [β-Sn + (Cu,Ni) 6 Sn 5 ], and the ultimate tensile strength (UTS), yield strength (YS) and hardness (HV) were increased. However, above a certain level of additions, their values were decreased whereas, the elongation was significantly increased with the appearance of large primary (Cu, Ni) 6 Sn 5 (IMCs). Taruk et. al [17] showed that the addition of 0.5wt.% Zn to the Sn-Cu eutectic alloy increases the hardness and YS, but slightly lowers the creep resistance. They also found that the addition of Bi decreases both the creep resistance and fracture time. In general, the effect of the primary phase (Cu 6 Sn 5 ) on the creep behavior of Sn-rich is very essential in designing better solder alloy and in understanding the deformation mechanism. However, there is seldom systematic data on the effect of Zn or/ and Sb additions on eutectic Sn-Cu solder alloys. In this research, 2.0 wt.% Zn and Sb were added into Sn-0.7Cu alloys. In order to obtain Sn-0.7Cu solder with good creep resistance, the microstructures and creep properties were studied and discussed in this paper to confirm the requirements of performance, melting temperature and pasty range were also discussed.
Experimental Work
Three solder alloys of compositions Sn-0.7wt.%Cu, Sn-0.7wt.%Cu-2wt.%Zn and Sn-0.7 wt.% Cu-2 wt.% Sb were prepared form high purity (99.99 wt%) component materials. The chemical compositions of three alloys are given in Table ( 1). 
To ensure the dissolution of Sn, Cu and Sb or Zn; the materials were melted at 600 0 C for 30 min and then poured in a steel mold to produce the chill cast ingot. The solder ingots were mechanically machined into wire samples with a gauge length of 5x10 -2 m and 1.2x10 -2 m in diameter. The samples were annealed at 150°C for 120 min, then left to cool slowly to room temperature with cooling rate of 10°C /s to obtain samples containing fine microstructure, fully precipitated phases and free from any plastic strain accumulation during machining. Creep testing was done at three working temperatures (298, 343 and 393K) monitored by a thermocouple contacting with the specimen (within accuracy of ± 1 o C) and under constant applied stresses using a computerized testing machine. To understand the melting process of three solder alloys; differential scanning Calorimetry (Shimadzu DSC-50) (DSC) was carried out at heating rate of (10ºC/min.) in Ar flow. The microstructure was investigated by Xray diffraction (XRD) using Philips X' Pert (MPD) Goniometer PW3050/00 with graphite monochromatic using Cu-K α target and Ni filter operated at (40 K.V.) and (30 mA) to give radiation of a wave length (λ = 0.15406 nm) has been carried out to identify the phases of alloy samples with diffraction angles ((2)) from 25 o to 90 o . Morphological studies have been conducted using both optical microscopy (OM) and scanning electron microscopy (SEM) after using an etching solution of 2% HCl, 3% HNO 3 and 95% (vol. %) ethyl alcohol.
Results and Discussion
X-ray diffraction analysis X-ray diffraction investigations of Sn-0.7 Cu, Sn-0.7 Cu-2.0 Zn and Sn-0.7 Cu-2.0 Sb LFSAs were studied to identify the phases formed through the solder matrix. 
Where, K is Sherrer parameter equal to (0.9) for (HMFW) 
Thermal analysis
A high-quality solder alloys should have a lower melting temperature and a narrow pasty range for electronic applications [22] . Thus, the melting temperature as a physical property is very important. Figure (3 a-c) shows the DSC curves of Sn-0.7Cu, Sn-0.7Cu-2.0Zn and Sn-0.7Cu-2.0Sb solders. In Fig. (3 a) , the eutectic temperature of Sn-0.7Cu solder at the endothermic peak is 227.9 o C, which is in quite agreement with the previous work [10] . With the addition of 2Zn to Sn-0.7Cu alloy, the endothermic peak temperature was significantly reduced to 224.2 o C owing to the dissolution of small amount of Cu 6 Sn 5 in the -tin matrix, as seen in Fig. (3 b) . The eutectic temperature of Sn-0.7Cu solder alloy containing 2wt%Sb was increased from 227.9 o C to 230.5 o C as shown in Fig. (3 c) . The increase in endothermic peak was attributed to the formation of SnSb cuboids (confirmed by EDS analysis) as IMC particles, which float at the surface of solder during solidification before the formation of Cu 6 
Where, K is constant depends on a crucible shape of the DSC system, m is the sample mass and A is the area under the endothermic peak. Table ( 
The effect of Zn and Sb additions on microstructure
Microstructure plays a vital role to create high quality solder alloys and to explain their mechanical behavior. Figure (4 a) shows an OM microstructure of Sn-0.7 Cu solder with a gray phase of Cu 6 Sn 5 particles and dark phase of -Sn matrix besides the eutectic phase. The addition of 2 wt.% Zn into Sn-0.7Cu solder refined the Cu 6 Sn 5 particles and created a fine IMCs of Cu-Zn phase through -Sn matrix as shown in Fig. (4 b) , which is confirmed by EDS investigation shown in Fig.  (5 e) . Conversely, the addition of 2 wt.% Sb created new IMC particles of SnSb (gray phase), besides the formation of Cu 6 Sn 5 IMC (bright) through the -Sn matrix (Fig. 4 c) . (Fig. 1 a) .
The EDS results in Fig. (5 e) (Fig. 5 e) and Xray diffraction patterns (Fig. 1 b) . (Fig. 5 f) and X-ray diffraction (Fig. 1 c) . The SEM investigations also showed a less amount of Cu 6 Sn 5. IMCs in Sn-0.7Cu-2.0Sb than that of Sn-0.7Cu and Sn-0.7Cu-2.0Zn solders due to the formation of SnSb phase at the beginning of solidification process before the Cu 6 Sn 5 particles formation. Figure (5 f) shows gray particles of Cu 6 Sn 5 and dark particles of SnSb through -tin phase. The particle sizes of all phases have been calculated and listed in Table (5) .
The results show that the addition of Zn and Sb increased the -Sn grain size (18 -35m) ; whereas the addition of Zn created a new small size of Cu 5 Zn 8 particles (0.5 m) and reduced the Cu 6 Sn 5 particle size from 0.9 m to 0.3m. The Sb-addition created SnSb IMCs with an average size of ~2.0m and increased the Cu 6 Sn 5 particles size to ~ 0.9 1.2 m. The growth in particles size of Sn-0.7 Cu-Sb leads to initiate small cracks during creep tests, which explains the decrease in its creep resistance and fracture time.
Creep properties
Creep curves for the three solder alloys were carried out at three working temperatures (298K, 343K and 393K) and under different applied stresses (7.8-19.6 MPa). Figure (6 a-c) shows the creep behavior of Sn-0.7Cu, Sn-0.7Cu-2.0Zn
and Sn-0.7Cu-2.0Sb solder materials tested at 298, 343 and 393K and under constant applied stress (12.7, 11.7 and 9.8 MPa), respectively. On the other hands, Fig. (6 d) presents the effect of different applied stresses at 298K on Sn-0.7Cu alloy. Figure (7 a-c) 
Where, n and β are the transient creep parameters that depend on both the working temperature and applied stress. The parameter n usually has a value in the range of 0 < n < 1. Figure (8 a-c) shows the relations between tr  ln against t ln for wire specimens of the Sn-0.7 Cu, Sn-0.7 Cu-2Z n and Sn-0.7 Cu-2Sb tested at (298K, 12.7 MPa), (343 K, 11.7 MPa) and (393 K, 9.8 MPa), respectively. The transient creep mechanism in stage I depends on  and n parameters obtained from the relation between ln tr and ln t (Fig. 7 a -c) . The calculated parameters are listed in Table (6) . Figure (9 a, b) shows that the transient parameters n and  depend on both of creep test temperature and solder addition, which attributed to the change in the microstructure. It is clear that the increase in the parameter n and the decrease in  at the high temperature (393 K) may be attributed to the generation of new dislocations through the dislocation network.
Steady state parameters of steady state creep rate ε . s on the applied stress (σ) and temperature T can be expressed using Norton power law 4. Unlike Sb-element addition, the transient exponents n of the plain alloy was decreased by increasing the testing temperature and the addition of Zn-element 5. The stress exponents (m) for lead-free solders are decreased by increasing the testing temperature due to the dissolution of the Cu 6 Sn 5 phase at a high temperature. 6. On the basis of the average stress exponents 5.1, 6.0 and 4.9 and activation energies of 55.0 KJ/mol, 60.0 KJ/mol and 50.0 KJ/mol for Sn-0.7 Cu, Sn-0.7 Cu-2.0Z n and Sn-0.7Cu-2.0Sb solders respectively; the deformation mechanism is dislocation climb controlled by the lattice diffusion for all solders.
